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In this letter, we examine QCD factorization including chirally enhanced
corrections. To avoid the logarithmically divergent integrals, we describe the
emitted meson with twist-2 and twist-3 wave functions instead of two collinear
massless on-shell quarks. Our results are encouraging: the QCD coefficients a6
and a8 at next-to-leading order of s are infrared finite and no logarithmically
divergent integrals exist, which means that we can include the most important
1=mb corrections consistently in QCD factorization.
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Last year, Beneke, Buchalla, Neubert and Sachrajda (BBNS) [1] proposed a promising
method: under the assumption that the emitted light meson is described by two collinear
massless on-shell quarks, they nd that the infrared divergences of the hard-scattering ampli-
tudes are canceled after summing over the four "vertex correction" diagrams (Fig.(a)-(d)),
which is a one-loop demonstration of Bjorken’s color transparency argument [2]. In the
heavy quark limit, they show that the hadronic matrix elements can be expressed as [1]
hM1M2jQjBi = hM2jJ1j0ihM1jJ2jBi  [1 + rnns +O(QCD=mb)]: (1)
If power corrections in 1=mb can be safely neglected, then everything is perfect. At the zero
order of s, it would come back to "naive factorization", and at the higher order of s,
the corrections can be systematically calculated in Perturbative QCD, which means that
the decay amplitudes of B meson can be computed from rst principles, and the necessary
input are heavy-to-light form factors and light-cone distribution amplitudes. But in the real
world, bottom quark mass is not asymptotically large (but 4:8 GeV), and numerically power
suppression may fail in some cases. An obvious and possibly the most important case is




’ 1:18 which makes the power suppression completely fail. This
parameter is multiplied by a6 and a8, where a6 is very important numerically in penguin-
dominated B decays. But unfortunately, Beneke et al. [1,3] have shown that a6, a8 involve
logarithmically divergent integrals which violate factorization when including next-to-leading
corrections. This makes us very uncomfortable. In this letter, we try to solve this problem.
Chirally enhanced corrections arise from twist-3 light-cone distribution amplitudes. For
example,  meson twist-3 distribution amplitude is γ5
0




is twist-3 wave function. In the framework of BBNS method, when considering the contri-







, because 0(x) do not fall o
fast enough at the end point, the above integral is logarithmically divergent. However, we
notice that the Dirac structure of this twist-3 distribution amplitude is indeed in contradic-
tion with the assumption of BBNS method where the emitted meson is described by two
collinear massless on-shell quarks. We shall show this below: for deniteness, we take the
emitted meson as −(du) and the corresponding momentum of valence quarks are pd = xp
and pu¯ = (1− x)  p, massless on-shell condition means that
=pd(du) = =pu¯(du) = (du) =pu¯ = (du) =pd = 0: (2)
Thus two collinear massless on-shell spinors du can only lead to Dirac structure of =p
or γ5 =p. So the assumption of two collinear massless on-shell quarks is only consistent
with leading twist wave function of  meson, γ5 =p(x), but unsuitable to be applied in
calculating chirally enhanced corrections because twist-3 distribution amplitudes conflict
with Eq.(2). Thus we hope that logarithmically divergent integrals would disappear in a6
and a8 when using twist-3 distributions. Of course, we shall demonstrate that the infrared
divergences from the "vertex correction" diagrams cancel after summing over Fig.(a)-(d)
when using twist-3 light-cone distribution amplitudes. The remaining nite terms are also
dierent from the results calculated by BBNS method. We have noticed that in Ref [4], the
authors have used twist-3 distribution amplitude to calculate the strong penguin corrections
(Fig.(e)-(f)) and nd that the logarithmically divergent integrals disappear in a6 and a8.
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However, they did not calculate "vertex correction" diagrams and also did not show the
infrared safety of a6 and a8 at the next-to-leading order of s. In addition chirally enhanced
corrections from hard spectator scattering diagrams are not considered too in their paper.
In the following, we take leading twist and twist-3 wave functions to describe the emitted
light meson, and we will show the infrared safety under this approach and compare our results
with BBNS’s.




















where vq = VqbV

qd(for b ! d transition) or vq = VqbV qs(for b ! s transition) and Ci() are
Wilson coecients which have been evaluated to next-to-leading order approximation. The
four-quark operators Qi are
Qu1 = (ub)V−A(qu)V−A Q
c
1 = (cb)V−A(qc)V−A























































































 ; (q = d or s): (5)
The amplitude of the decays of B to two light pseudoscalar mesons in QCD factorization
can be written as:








i hM1M2jQijBiF ; (6)
where vp is CKM factor and hM1M2jQijBiF is the factorized matrix elements. We calculate
QCD coecients api with the emitted mesons described by wave functions. Except for a6
and a8, other QCD coecients are calculated in leading twist wave functions. We obtain
the QCD coecients, except for a6 and a8, as the same as those of BBNS method. This
is what we expect, as we have argued above. There is some subtlety in calculating the
"vertex correction" diagrams. While commonly we regularize the infrared divergences in
d-dimensions, wave functions are dened in four dimensions. (We notice that in the case
of leading twist wave functions, there would be no influence on the cancellation of infrared
divergences, but for the case of twist-3 wave functions, the infrared niteness can not hold
if we simply use four dimensions wave functions in d-dimensions calculation.) Thus we
assign a small nonzero mass to the gluon propagator and regularize the infrared integrals
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in four dimensions. We nd that the QCD coecients api except for a6 and a8 are really
as the same as those given in ref [1,6], but now a6 and a8 at the next-to-leading order can
be obtained with infrared niteness and no logarithmically divergent integrals exist. This
means that we can include chirally enhanced corrections consistently in QCD factorization.
For completeness, we give the explicit expressions of api for i = 1 to 10 (for symmetric light-
cone distributions of light pseudoscalar mesons) though most of them have been given in ref
[1,6] except for a6 and a8:
























































C4 + (3GM2(0) + GM2(sc) + GM2(1))(C4 + C6) + GM2;8C8
}
; (10)








C6(−F − 12); (11)

















































C8(−F − 12); (13)






















































































) + (C3 +
C4
N


































Here N = 3 (f = 5) is the number of color (flavor), CF =
N2−1
2N





b for p = u; c and we dene the symbols in the above expressions as:(most of
them are as the same as Beneke’s except for G0M2(s) and G
0(s; x))
F = −12 ln 
mb















dx G0(s; x)0M2(x); (20)
here M2(x)(
0
M2(x)) is leading twist (twist-3) wave function of the emitted meson M2, and
the hard-scattering functions are
g(x) = 3
1− 2x
1− x ln x− 3i; G8(x) =
2
1− x; (21)
G(s; x) = −4
1∫
0





As to the hard spectator scattering contributions (Fig.(g)-(h)), Beneke et al. [3] have pointed
out that, when including twist-3 distribution amplitudes, there would have another source
of chirally enhanced corrections involving logarithmically divergent integrals. We take the
wave function of B meson as γ5(=PB − MB)B() and nd that, when considering twist-3
distribution contributions, the hard spectator scattering contributions are proportional to :











































x(1− x) : (25)
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Under the symmetric distributions of nal state light mesons, it is obvious that the logarith-
mically divergent integrals are canceled after summing over two hard spectator scattering
diagrams. As a result there is no hard spectator scattering contributions to a6 and a8, the






















In ref [3], the authors have discussed the contributions of asymmetric distributions and nd
that numerically this eect is very small. In our case, when considering the asymmetric
distributions, there would appear divergent integrals, but in this case the asymmetric dis-
tribution corrections would also be small if we parametrized the divergent integrals as a
unknown parameter(as what have done in ref [3]) and could be safely neglected.
In numerical evaluations, we take the asymptotic form of leading twist wave function:
(x) = 6  x  (1− x) and twist-3 wave function is 0(x) = 1 . The corresponding results
of api at the next-to-leading order of s are shown in Table.1. With these QCD coecients,
as an illustration, we obtain the branching ratios and cp violations of B ! , and their
dependences on angle γ, which are depicted in Fig.2 .
In summary, we have shown in the QCD factorization scheme that twist-2 distributions
are consistent with BBNS method(describing the emitted meson as two collinear massless
on-shell quarks), but when considering twist-3 distributions, chirally enhanced corrections
can be obtained with infrared niteness and no logarithmically divergent integrals exist if
we take symmetric wave functions of light mesons.
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TABLES
QCD  = 5:0 GeV  = 2:5 GeV
Coefficients NLO LO NLO LO
au1 1:089 + 0:022i 1:046 1:057 + 0:024i 1:031
au2 −0:090 − 0:080i 0:070 0:001 − 0:102i 0:115
a3 −0:010 + 0:002i 0:005 0:007 + 0:004i 0:002
au4 −0:029 − 0:015i −0:028 −0:030 − 0:017i −0:038
ac4 −0:034 − 0:006i −0:028 −0:037 − 0:006i −0:038
a5 −0:007 − 0:003i −0:005 −0:007 − 0:005i −0:008
au6 −0:042 − 0:003i −0:039 −0:050 − 0:003i −0:052
ac6 −0:044 − 0:005i −0:039 −0:053 − 0:006i −0:052
a7  10−5 13:1 + 2:7i 11:2 14:9 + 4:6i 15:7
au8  10−5 42:6− 1:0i 37:8 56:6 − 1:5i 49:7
ac8  10−5 42:0− 1:5i 37:8 55:7 − 2:3i 49:7
a9  10−5 −989:2 − 14:6i −960:2 −953:7 − 18:3i −933:3
au10  10−5 32:0 + 68:0i −134:6 −3:7 + 85:1i −133:3
ac10  10−5 30:7 + 70:0i −134:6 −5:7 + 88:4i −133:3
TABLE I. The QCD coefficients api () at NLO and LO for the renormalization scales at
 = 5 GeV and  = 2:5 GeV
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FIGURES
FIG. 1. Order of s corrections to hard-scattering kernels. The upward quark lines represent
the ejected quark pairs from b quark weak decays.
















FIG. 2. CP averaged Br(B ! )  106 vs. γ = arg V ?ub (Fig2.(a)) and ACP (B ! )  102
vs. γ (Fig2.(b)). Solid and dashed lines are for B ! 0 and B0 ! +− respectly. For
B0 ! +−, ACP denotes time integrated CP asymmetry with mixing. While for B ! 0,
ACP denotes direct CP violation.
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